Introduction
Ionizing radiation induces DNA damages, and the majority of which are strand breaks involving single-or double-stranded DNA. DNA strand breaks are sensored by an as yet unde®ned mechanism and signaled to downstream systems for cellular responses against stress. The signals eventually provoke cell cycle arrest probably to provide time for repair the injured DNA, or trigger apoptosis, the system for elimination of damaged cells that may be harmful to the organism. Which response occurs depends on the cell type.
Thymocytes as well as crypt epithelia in the small and large intestines are highly radiosensitive and undergo apoptosis following an exposure to a low dose of ionizing radiation (Yamada and Ohyama, 1988; Potten, 1992) . Interestingly, the quantities of apoptosis in the thymus as well as intestines dier among a variety of inbred strains of mice, suggesting the presence of genetic control of radiation-induced apoptosis (Mori et al., 1992 (Mori et al., , 1998 Weil et al., 1996a Weil et al., , 1996b . Among mouse strains, BALB/cHeA (BALB/c) mice are sensitive and STS/A (STS) mice are resistant to radiation-induced apoptosis of thymocytes (Mori et al., 1992) . Genetic analyses so far performed suggested involvement of multiple genes in susceptibility to apoptosis of thymocytes . These genes are probably associated with cellular responses following exposure to radiation and may consequently be related to dierences in propensity to radiation tumorigenesis, or may aect immune systems and cause subtle variation in immune responses among mouse strains. The biological signi®cance of these genes modulating the quantity of apoptosis remains unclear.
In our previous study, using the recombinant congenic CcS/Dem series, we identi®ed Rapop1 (Radiation-induced apoptosis 1), a gene controlling the quantity of apoptosis in the thymus exposed to ionizing radiation, in the proximal region of chromosome 16 . The STS-derived allele at Rapop1 confers decreased sensitivity to radiationinduced apoptosis of thymocytes in the BALB/c background. Interestingly, in the vicinity of Rapop1, Prkdc encoding the catalytic subunit of DNA-depen-dent protein kinase DNA-PK (DNA-PKcs) has been mapped .
DNA-PK is a multiprotein complex with serine/ threonine kinase activity and is comprised of the catalytic subunit DNA-PKcs that contains phosphatidylinositol 3 (PI 3)-kinase motifs near the carboxyterminus and a Ku heterodimer (Hartley et al., 1995) . DNA-PK is activated by binding to free DNA-ends generated by ionizing radiation and in the physiological processes such as V(D)J recombination, and catalyzes rejoining of introduced double-strand breaks (DSBs) (Gottlieb and Jackson, 1993) . Although the in vivo substrate for DNA-PK has not yet been identi®ed, DNA-PK activity is required for nonhomologous endjoining (NHEJ), the predominant double-strand break (DSB) repair system in mammalian cells, and is also indispensable for assembling the functional T-and Bcell receptor genes.
The severe combined immune de®cient (SCID) mouse is a naturally occurring mutant expressing general defects both in immune system and DNA repair (Schuler et al., 1986; Blunt et al., 1995) . The defects in the SCID mouse are caused by a nonsense mutation near the carboxy-terminus of DNA-PKcs, which leads to drastic reduction in the kinase activity and considerable decrease in DNA-PKcs protein (Blunt et al., 1996; Araki et al., 1997) . SCID mice are extremely sensitive to induction of lymphomas by ionizing radiation (Lieberman et al., 1992) , while their frequency of spontaneous lymphomas is relatively low (Custer et al., 1985) . Since DSBs, if left unrepaired, are believed to induce cell death, Prkdc is an attractive candidate for the apoptosis susceptibility gene Rapop1. Moreover, if apoptosis susceptibility re¯ects variation in DNA-PKcs, it might also cause dierences in sensitivity to development of radiation-induced lymphomas. This hypothesis prompted us to determine the precise map positions of Rapop1 and Prkdc, and to test Prkdc as a possible candidate for a susceptibility gene aecting both radiation apoptosis and lymphomagenesis.
In the present study, we ®rst provide the results of mapping of Rapop1 and Prkdc and then the presence of variations between BALB/c and STS for Prkdc, which are associated with dierences in DNA-PK activity. Moreover, we show Prkdc to be a candidate for Rapop1 based on the results of allelic tests, and provide evidence that a susceptibility gene for radiation lymphomagenesis is close to Prkdc.
Results
Analysis of mice with recombination in the chromosome 16 segment containing Rapop1 and establishment of Rapop1 congenic lines
Since we identi®ed Rapop1 in the STS-derived region near the centromere of chromosome 16 using the strain CcS-7/Dem, we selected mice with recombination in this region from among the progeny of a (BALB/c x CcS-7/Dem)F 1 x BALB/c backcross to re®ne the map position of Rapop1. The recombinants were numbered and genetic composition of the chromosome 16 segment in each mouse is depicted in Figure 1 . After 1 or 2 backcrosses of these recombinants to BALB/c, the progeny were irradiated with 0.5 Gy X-rays and apoptosis in the thymus was scored. Among the progeny of V2 5831, V2 5889, R1 and V2 5882, mice with the BALB/c and STS heterozygous (C/S) alleles at D16Mit34 had lower dead cell scores than siblings with the homozygous BALB/c (C/C) alleles. On the other hand, the progeny of V2 5880 and V2 1896 had no dierence in level of apoptosis between the genotypes for D16Mit81 and D16Mit73, respectively, thus excluding the segment proximal to D16Mit165 as a candidate region for Rapop1. Subsequently, R1 and V2 5882 were subjected to seven backcrosses to BALB/c and their progeny were intercrossed to obtain mice homozygous for the STS-derived segments. The established Rapop1 congenic strains were designated C.S-R1 and C.S-R1L, which contained a minimal (D16Mit165 7 D16Mit34) STS-derived segment and a maximal (D16Mit32 7 D16Mit34) one, respectively. By testing (C.S-R1 x BALB/c) F 2 and (C.S-R1L x BALB/c) F 2 , linkage of Rapop1 to the minimal segment was reproduced (data not shown).
Assignment of Prkdc to the 0.45 cM interval critical for Rapop1
According to Miller et al. (1995) , Prkdc and nearmapped markers are ranged in the following order: centromere ± D16Mit165 ± D16Mit31 ± Prkdc ± D16Mit143 ± telomere. On the other hand, the map order given by a recent analysis of YAC clones is centromere ± Prkdc± D16Mit34 ± D16Mit56 ± D16Mit31 ± D16Mit74 ± D16Mit143 ± telomere (Lund et al., 1999) . Moreover, D16Mit165 has been mapped distal to D16Mit74 (http://www.informatics.jax.org/searches/linkmap.cgi). Here, we performed ®ne mapping of Prkdc using sequence length polymorphism between MSM/Ms and BALB/c (or STS) in Prkdc intron 48. The results of Prkdc typing are shown in Figure 2a . The analysis yielded a marker order centromere ± D16Mit165 ± D16Mit56/D16Mit31 ± D16Mit34 ± D16Mit74 ± telomere, which was concordant with the map order determined by analysis of recombinants. There was no recombination among Prkdc, D16Mit56 and D16Mit31 ( Figure  2b) . Interestingly, the D16Mit165 ± D16Mit34 segment where Prkdc was centered is equivalent to the 0.45 cM region critical for Rapop1 (Figure 2c ).
Variations in Prkdc between BALB/c and STS mice
Prkdc cDNA from BALB/c and C.S-R1 was ampli®ed by RT ± PCR and sequenced. Two dierent missense variations (T6, 418C, in exon 48 and G11, 530A in exon 81) were found between BALB/c and C.S-R1 mice (Figure 3a) . These variations produce amino acid changes from cysteine to arginine (C2, 140R) and Apoptosis, lymphomagenesis and variant DNA-PKcs N Mori et al valine to methionine (V3,844M), respectively. The former is downstream from a putative leucine zipper motif, and the latter near the PI 3-kinase motifs at the carboxy-terminus. Both are harbored in regions highly conserved between mice and humans ( Figure 3b ). As indicated in Figure 3a , haplotypes at the variations could be distinguished between BALB/c and STS by digestion with restriction enzyme BsmBI or HphI. Prkdc was 5 ± 10 times less than that in C.S-R1 and C57BL/6J with the STS-type allele. To examine whether the observed dierence in DNA-PK activity re¯ected a dierence in transcription or protein expression, we performed semi-quantitative RT ± PCR and Western blotting of DNA-PKcs. These four strains were essentially equivalent in level of Prkdc transcription ( Figure 6a ). On the contrary, considerable reduction in level of DNA-PKcs expression was observed in BALB/c and 129/SvJ mice as compared with that in C.S-R1 and C57BL/6J mice, while expression of Ku86, a component for DNA-PK, was equivalent among the four strains ( Figure 6b ). Based on these results, we hereafter describe the BALB/c-type allele at Prkdc as variant, and the STS-type allele as wild-type.
Enhanced apoptosis linked to the absence of wild-type allele at Prkdc
The strains C.B17 and 129/SvJ carry the variant allele at Prkdc, while the allele type for Rapop1 in these strains is unknown. On the other hand, C.S-R1 carries the wild-type allele at Prkdc and the STS allele at the Rapop1 locus in the BALB/c background. To test whether level of apoptosis is associated with Prkdc allele type, we produced crosses (C.S-R1 x BALB/c)F 1 x 129/SvJ and (C.S-R1 x BALB/c)F 1 x C.B17. The progeny of these were distributed into homozygotes and heterozygotes for the variant allele at Prkdc in each F 1 background. Apoptosis was scored after 0.5 Gy of X-irradiation, and the scores for the genotypes for Prkdc were compared. The results are represented in Figure 7 . In both crosses, enhancement of apoptosis occurred in the absence of the wild-type allele at Prkdc, or the STS allele at Rapop1, although the levels of apoptosis for both genotypes in (C.S-R1 x BALB/c)F 1 x 129/SvJ were relatively lower than those in (C.S-R1 x BALB/c)F 1 x C.B17. This could be explained by dierence in the genetic background between 129/SvJ and C.B17.
Relationship between Prkdc allele type and susceptibility to radiation lymphomagenesis
The STS-derived D16Mit165-D16Mit34 segment containing wild-type Prkdc was shared by C.S-R1 and C.S-R1L, which were derived from dierent recombinants. To examine the eect of Prkdc allele type on susceptibility to radiation lymphomagenesis, BALB/c, C.S-R1 and C.S-R1L mice were irradiated with 461.1 Gy X-rays. Mice used in the experiments were limited to females only, in order to avoid the welldocumented sex eect on lymphomagenesis (Yokoro, . Of 53 BALB/c mice, 32 (60%) developed lymphomas within 300 days after irradiation. On the other hand, 13 (22%) of 59 C.S-R1 mice and 13 (26%) of 50 C.S-R1L mice developed lymphomas. Kaplan ± Meier plots for C.S-R1 and C.S-R1L are represented in Figure 8a and b, respectively, along with the plot for BALB/c. Both C.S-R1 and C.S-R1L developed lymphomas at signi®cantly lower frequencies than BALB/c. None of onset, latency and frequency of lymphomas diered between these congenic strains.
The results suggest the presence of a susceptibility gene for radiation-induced lymphomas in the STS-derived segment shared by C.S-R1 and C.S-R1L.
Discussion
The results of the present study strongly suggest that Prkdc is a candidate for the apoptosis susceptibility gene Rapop1 and for a gene controlling susceptibility to radiation lymphomagenesis as well. Prkdc exists within a 0.45 cM interval between D16Mit165 and D16Mit34, which is equivalent to the minimal region critical for Rapop1, as indicated by analysis of Rapop1 recombinants. Moreover, there is evidence that a gene controlling susceptibility to radiation-induced lymphomas exists close to Prkdc. Two missense variations T6,418C and G11,530A were found between apoptosis-susceptible BALB/c mice and apoptosis-resistant STS mice for Prkdc. The majority of the inbred strains were found to carry the STS-type allele at both variations, while a few carried the BALB/c-type allele. Of the strains with the BALB/c allele at Prkdc, BALB/cAnN is a BALB/c substrain, and C.B17, a coisogenic strain for the SCID mutant mouse, has a BALB/cAnN background. Therefore, the variations in Prkdc had probably occurred in BALB/c in the relatively recent past, and then were distributed to 129/SvJ. Notably, the 129/SvJ, an important source for ES cells, is highly contaminated with an unknown strain (Simpson et al., 1997; Threadgill et al., 1997) . There was a mismatch between the DNA sequence of Prkdc that we determined for BALB/c and the registered one for C.B17 at nucleotide 11,530, where one of the sequence variations occurred.
The functions of DNA-PK in DNA repair and V(D)J recombination are strongly related to its kinase activity, as shown by the targeted disruption of Prkdc (Taccioli et al., 1998; Gao et al., 1998; Kurimasa et al., 1999) . DNA-PKcs exerts its full activity by binding to DNA-ends in cooperation with a Ku heterodimer (Hammarsten and Chu, 1998) . DNA-PK activity was profoundly diminished in BALB/c and 129/SvJ mice, which are variant for Prkdc, as compared with C57BL/ 6J and C.S-R1, which are wild-type for Prkdc. Furthermore, BALB/c and 129/SvJ mice expressed considerably lower amount of DNA-PKcs than C57BL/6J and C.S-R1, whereas level of Prkdc transcription was essentially equivalent among these four strains. Besides, expression of Ku80 protein, a component of DNA-PK, was equivalent among these strains. Recently, BALB/c mice have been reported to be signi®cantly impaired in DSB repair due to profoundly diminished DNA-PKcs expression, as compared with other inbred strains such as C57BL/6 and C3H (Okayasu et al., 2000) . Taken together, our results suggest that the variations in Prkdc are responsible for dierence in DNA-PK activity, presumably through a conformational change that leads to destabilization of DNA-PK protein. In this context, it is of note that a Chinese hamster ovary cell line SX9, whose DNA-PKcs is intact in size, but inactivated by a missense mutation at amino acid 3, 190, expresses considerably lower than normal amount of DNA-PKcs protein (Peterson et al., 1997) . Notably as well, SCID mice express DNA-PKcs protein with a 83-amino acid truncation from the carboxy-terminus at drastically reduced level, although transcription of mutated Prkdc is reported to be normal (Blunt et al., 1996; Araki et al., 1997) .
SCID mice as well as other DNA-PKcs-de®cient mice produced by targeted disruption of Prkdc have severely impaired immune systems due to V(D)J recombination defect. In these mice, dierentiation of thymocytes is arrested at the CD4 7
CD8
7 doublenegative stage. On the other hand, BALB/c and C.B17 mice are known to have macroscopically normal immune systems and are widely used as normal standards to which SCID mice are compared (Hendrickson et al., 1991; Araki et al., 1997) . In addition, BALB/c thymocytes were normally developed in our examination (Mori et al., 1991) . The number of DSBs introduced by ionizing radiation is estimated to be 10 ± 40 DSBs/Gy per cell (Prise et al., 1998) , while only two DSBs are generated per cell in the process of V(D)J recombination. Therefore, minimal levels of DNA-PK activity suce for V(D)J recombination, whereas a higher level of DNA-PK activity is required to obtain cellular radioresistance (Kienker et al., 2000) . In mice bearing the variant Prkdc, the diminished DNA-PK activity is sucient for normal recombination in Tand B-cell receptor genes, but probably insucient for rejoining of breaks induced by ionizing radiation. Thus, DSBs left unrejoined might cause enhanced apoptosis in mice variant for Prkdc.
SCID mice spontaneously develop thymic lymphomas at a relatively low but signi®cantly elevated frequency (approximately 15% in the C.B17 background) (Custer et al., 1985) . A low frequency of thymic lymphomas in the mice subjected to targeting disruption of Prkdc is also reported in other genetic backgrounds (Taccioli et al., 1998; Kurimasa et al., 1999) . With neonatal irradiation, V(D)J recombination and dierentiation of thymocytes are rescued in SCID mice, however, all such mice eventually develop thymic lymphomas with early onset (Danska et al., 1994) . Thymic lymphomas occur at a high incidence concomitant with the restoration of thymocyte dierentiation in SCID mice exposed to low dose of radiation at 6 ± 8 weeks of age as well (Murphy et al., 1994) . These results imply that Prkdc de®ciency causes extremely high sensitivity to thymic lymphomas following ionizing radiation. More importantly, restored dierentiation of SCID thymocytes following radiation suggests that an alternative DSB repair mechanism which can implement V(D)J recombination in the absence of DNA-PK is activated by ionizing radiation. In compensation, however, SCID mice suer an extremely high frequency of lymphomas. This might presumably be caused by irregular DSB repair by the alternative DSB repair mechanism activated by radiation. In the presence of a paucity of DNA-PK activity, a similar, but relatively mild, propensity to lymphomagenesis could be acquired in BALB/c mice.
BALB/c mice are susceptible to radiation lymphomagenesis, while STS and MSM/Ms mice are resistant to it (Okumoto et al., 1989 . On the other hand, B10/Sn and C3H/HeNrs mice exhibit respectively sensitivity and resistance to radiation lymphomagenesis (Kamisaku et al., 1997) . As shown by haplotype analysis, the resistant strains STS, MSM/Ms and C3H/HeNrs carry the wild-type allele at Prkdc. In these strains, resistance to lymphomas apparently corresponds to the Prkdc genotype. However, the susceptible strain B10/Sn is also wild-type for Prkdc. This implies that multiple genes could be involved in susceptibility to radiation lymphomagenesis and that Prkdc may be one of the factors controlling this susceptibility. Our study provides an experimental support for the hypothesis that genetic polymorphism may have an impact on tumor propensity in humans.
Materials and methods

Mice
BALB/cHeA (BALB/c) mice maintained at Osaka Prefecture University, CcS-7/Dem, one of the recombinant congenic CcS/Dem series established by Demant and Hart (1986) and maintained at The Netherlands Cancer Institute, 129/SvJ mice kindly provided by Dr Shiroishi at the National Institute for Genetics (Mishima, Japan), C57BL/6J mice purchased from Japan Clea Inc. (Osaka, Japan) were used. The genetic composition for CcS-7/Dem containing approximatly 12.5% STS/A (STS) derived genome in the BALB/c background is described (Stassen et al., 1996) .
Marker typing
DNA isolation and PCR typing of microsatellite markers were performed as described previously . Brie¯y, DNA isolated from tails was ampli®ed by PCR using microsatellite markers (D16Mit32, D16Mit81, D16Mit73, D16Mit165, D16mit31, D16Mit56, D16Mit34 and D16Mit74) purchased from Research Genetics Inc. (Huntville, AL, USA) with the program 1 cycle of 948C for 3 min, 30 cycles of 948C for 30 s, 558C for 1 min, 728C for 1 min. PCR products were electrophoresed in 8% polyacrylamide gels and visualized by ethidium bromide staining. Primers used to type Prkdc were forward 5'-TCATGACAAACTAG-GAAATGCA-3' (exon 48) and reverse 5'-TGAGCCAGTGC-TTTGCATA-3' (exon 49) (GenBank accession No. D87521). The cycling program consisted of 1 cycle of 948C for 3 min and 30 cycles of 948C for 1 min, 558C for 2 min, 728C for 3 min. The products were analysed on 1.5% agarose gels.
Induction of apoptosis and assay method for apoptosis
Assay method for apoptosis in the thymus was described previously (Mori et al., 1992 . Brie¯y, 4 ± 6 week-old mice were whole-body irradiated by 0.5 Gy of X-rays and killed at 4 h after irradiation. Thymuses were excised and ®xed in buered formalin, then processed for histology. Thymus sections were stained with haematoxilin and eosin and examined under a microscope. Cells exhibiting apoptotic features such as chromatin condensation, nuclear fragmentation were searched in a ®xed area of the sections and scored. Scoring of apoptosis was per mouse twice performed in randomely selected areas of the section and average of the scores was represented as a dead cell score for each individual mouse.
RT ± PCR, DNA purification and sequencing
Isolation of total RNA was performed by using a commercially available RNA isolation kit Isogen (Nippon Gene Inc., Tokyo, Japan) according to the protocols recommended by the manufacturer. The ®rst strand DNA was synthesized from 5 mg of total RNA with an oligo (dT) 12 ± 18 primer using a SuperScript Preampli®cation System (Gibco ± BRL, USA). About 1 ± 1.2 kb of DNA fragments were ampli®ed by RT ± PCR using the ®rst strand DNA as template with the primers speci®c to the Prkdc coding and promotor region sequences (GenBank accession Nos. D87521 and AB000629, respectively), followed by the second PCR using the PCR product as template with the same primer set. The cycling conditions were 1 cycle of 948C for 3 min and 30 cycles of 948C for 1 min, 55 ± 608C for 2 min and 728C for 3 min. DNA was puri®ed by JET-QUICK Gel Extraction Kit (GENOMED Inc., Research Triangle Park, NC, USA) following 1 ± 1.5% agarose gelelectrophoresis. Sequencing reactions were set up using approximately 100 ng of puri®ed PCR fragment as template and 10 pmol of a primer following the dye terminator protocol with BigDye (Applied Biosystems Inc., USA). The samples were analysed on an ABI Prism 310 Sequencer (Applied Biosystems Inc., USA). Primers used for RT ± PCR and sequencing are listed (Table 1) .
PCR ± RFLP
PCR ampli®cation of genomic DNA was performed following the cycling program 1 cycle of 948C for 3 min and 30 cycles of 948C for 30 s, 558C 1 min, 728C for 1 min. The primer sets used were forward 5'-TCATGACAAACTAG-GAAATGCA-3' (Prkdc exon 48, GenBank accession No. D87521) and reverse 5'-TGGTTGCTGATGTATTGCAAG-3' from the partial sequence of intron 48 and forward 5'-TTGCTAGTGACCCCAAA-GCGCCGAT-3' and reverse 5'-AACTCACCTGTACATTAGCACATA-3' (both in Prkdc exon 81, GenBank accession No. D87521), respectively. DNA fragments were puri®ed with Chroma Spin 100 columns (CLONTECH Lab. Inc., Palo Alto, CA, USA) and digested by BsmBI at 558C for 8 h (for the exon 48 ± intron 48 fragment) or HphI at 378C for 7 h (for the exon 81 fragment). The digested DNA fragments were analysed on 4% NuSieve 3 : 1 (FMC BioProduct Inc., Rockland, ME, USA) agarose gels.
DNA ± PK assay DNA ± PK activity was measured by`DNA-pull-down' assay with modi®cation, followed by Gelelectrophoretic analysis (Matsumoto et al., 1999) . Thymus extracts were prepared as described (Matsumoto et al., 1999) . Crude tissue extracts were diluted to 17 mg protein/ml dilution buer and mixed 3 : 7 with DNA-cellulose solution. After 30 min incubation on ice, the mixture was centrifuged. The precipitants were rinsed, and suspended in 20 ml of kinase assay buer containing [g -32 P]ATP with or without 0.25 mg/ml of synthetic peptide substrate hp53-S15 (EPPLS-QEAFADLWKK). After 10 min incubation at 378C, reaction was stopped by adding 20 ml of 26SDS ± PAGE sample buer. The reaction mixtures were analysed in 15% acrilamide gels, followed by scanning on Fuji BAS 2000 phosphor imager (Fuji, Tokyo, Japan).
Semi-quantitative RT ± PCR cDNA was synthesized as described above. To obtain exponential phase, PCR was performed on 18, 22, 26, 30 cycles in a 50 ml of reaction volume containing 1 ml of the reverse transcription product. Each PCR program consisted of 1 cycle of 948C 3 min, 30 cycles (for Prkdc) or 26 cycles (for b 2 -microglobulin, B2m) of 948C for 30 s, 558C for 1 min, 728C for 1 min. Primers speci®c to Prkdc mRNA sequence (GenBank accession No. D87521) were 5'-ATCGACGAGAACGTTGGACT-3' (forward) and 5'-AGTACTACGA-AAACGCCAGTC-3' (reverse); primers speci®c to B2m mRNA sequence (GenBank accession No. M84367) were 5'-CTGGTGCTTGTCTCACTGAC-3' (forward) and 5'-AATGTGAGGCGGGTGGAACT-3' (reverse). The expected product sizes were 297 bp (for Prkdc) and 138 bp (for B2m). PCR products were analysed by electrophoresis on 1.2% agarose gels and visualized with ethidium bromide staining, followed by quanti®cation with the public domain NIH Image program (written by Wayne Rasband at the US National Institute of Health).
Western blotting
The protocol for Western blotting has been described . Brie¯y, thymus lysate, containing 100 and 25 mg protein, was analysed for DNA-PKcs and Ku86, respectively. Anti-DNA-PKcs antibody, Ab-4 (Cocktail), mouse-monoclonal, purchased from Lab Vision Corp. (Fremont, CA, USA) and anti-Ku86 antibody prepared as described (Sakata et al., 2000) were used as the primary antibodies (1 : 500 and 1 : 300, respectively) and anti-rabbit lgG (Dako, Glostrup, Denmark) as the secondary antibody (1 : 1500). Membrane blots were developed by ECL plus kit (Amersham-Pharmacia, Buckinghamshire, UK).
Induction of lymphomas and diagnosis
Female mice were four times irradiated at a week interval by 1.1 Gy of X-rays according to the procedure described (Okumoto et al., 1989) , starting at 4 ± 5 weeks of age. When the mice were moribund during 300 days observation after irradiation, they were killed and autopsied for diagnosis. In the cases that mice died from other causes such as infection, 
Statistics
Linkage of the level of apoptosis to markers was tested by analysis of variance (ANOVA) with genotype and sex as ®xed factors and day of experiment, as a random factor. Survivorship was plotted by Kaplan ± Meier method. Comparison of the survivals between strains of mice was according to Log-Rank test. The programs used for these analyses were contained in a computer package NCSS 6.0 (NCSS Kaysville, UT, USA).
